The presence of aquatic vegetation in riverine and lacustrine environments alters the mean and turbulent flow structure and thus impacts the fate and transport of sediment and contaminants. Turbulent flows through Vallisneria natans (V. natans) and Potamogeton malaianus (P. malaianus) were investigated in a laboratory flume. The impact of plant morphology on mean velocity profile and turbulence distribution was analysed and discrepancies in flow alteration caused by different types of macrophyte were highlighted. Results show that a dense canopy of submerged macrophyte leads to a velocity profile featuring a counter velocity gradient in the lower part of the canopy. Negative Reynolds stress and its local maximum were observed there. Discrepancies in flow structure caused by different morphologies of both tested plants were further identified. With smaller frontal area in the lower part of the canopy, P. malaianus causes a much bigger gradient and local maximum in the velocity profile, and thus a larger local stress maximum than V. natans. The mean velocity gradient around the top of canopy, the Reynolds stress and the turbulence kinetic energy at the canopy interface are smaller than for the flow through the V. natans canopy. Larger reduction of the mean velocity within the V. natans canopy makes the suspended sediment of fine particles more easily deposited than in the P. malaianus canopy.
Introduction
Aquatic vegetation grown in riverine and wetland environments plays a critical role in ecosystem services (Corenblit et al. 2007) . It not only provides food sources and habitat for some economically important fish (Edgar 1990 , Kemp et al. 2000 , but also directly regulates the concentrations of oxygen, carbon and nutrients by uptake and biological transformation (Carpenter and Lodge 1986 , Wang et al. 2010 , Pierobon et al. 2013 . The presence of aquatic vegetation also alters the natural flow structure (Nepf 1999 , Neumeier and Amos 2006 , Chen and Kao 2011 , Meire et al. 2014 , and thus influences the transportation and diffusion of sediment and pollutants indirectly (Kadlec 1995 , Okamoto et al. 2012 .
Turbulent flow through aquatic vegetation is profoundly different from open channel flow. Above a threshold of vegetation density, an inflection point exists in the vertical distribution of the mean velocity and makes the flow structure within and just above the canopy more strongly resemble a mixing layer (Ghisalberti and Nepf 2002) . Several layers can be divided when analysing flow structure with submerged vegetation, and a logarithmic profile appears above the canopy (Klopstra et al. 1997 , Nepf 2012 . The mean velocity within the canopy is reduced significantly and, due to the differences in vegetation type, the mean velocity is uniformly distributed vertically Reed 2002, Ghisalberti and Nepf 2004) or slightly increases downward (and thus a counter velocity gradient and local velocity maximum occur) (Shi et al. 1995 , VivoniGallart 1998 , Nepf and Vivoni 2000 , Leonard and Croft 2006 within the canopy. At the top of the canopy, the Reynolds stress reaches its maximum and penetrates into the canopy. The stress decreases downward to a constant value at the "penetration depth", which segregates the canopy into a "vertical exchange zone" and a "longitudinal exchange zone" (Nepf and Vivoni 2000) . The presence of vegetation dissipates eddies with the scale of water depth into stem wakes with scales equivalent to the stem scale. Wake turbulence may increase the turbulence intensity inside the canopy, but its small length scale weakens the turbulent diffusivity compared to the nonvegetated condition (Nepf 1999) .
Aquatic vegetation exhibits a wide range of morphology in riverine and wetland ecosystems. The traditional measurements of canopy height, stem diameter or leaf length are insufficient to quantify the plant morphology and cannot satisfy the requirements of hydrodynamic research (Neumeier 2005) . Considering the scale of individual stems and blades and the stem density, the frontal area per unit volume (or leaf area index in terrestrial canopy literature) provides a satisfactory way of quantitatively characterizing the plant morphology (Kaimal and Finnigan 1994) . Frontal area has often been used in canopy drag calculations and the numerical simulation of velocity profiles (Nepf 1999 , Stone and Shen 2002 , Huai et al. 2014 , and it was considered as constant over depth in most of the studies. As a plant is composed of several parts with different shapes (e.g. stems, leaves, flowers), a vertical difference of the frontal area obviously exists for almost all aquatic vegetation, and this difference directly influences the mean and turbulent flow structure Croft 2006, Nepf 2012) . Nepf and Vivoni (2000) thought that the appearance of a local velocity maximum near the bed was caused by the decrease of vegetative frontal area in the sheath region of the canopy. Lightbody and Nepf (2006) indicated that the mean velocity varied inversely with frontal area within a dense emergent marsh canopy, and they predicted the velocity profile from the vertical distribution of frontal area. However, rigid circular cylinder and simplified plastic models were employed to imitate rigid and flexible vegetation, respectively, in most previous experiments. In this paper, naturally living submerged plants, i.e. Vallisneria natans and Potamogeton malaianus, were chosen as the target plants on which to conduct our flume experiments. By comparative analysis, we investigated the characteristics of turbulent flow through both of them and their discrepancies in flow structure induced by the differences of plant morphology. The mechanism of how plant morphology influences the mean and turbulent flow structure is further discussed.
Methods

Experimental set-up
Laboratory experiments were conducted in a 42 m long by 0.8 m wide, glass wall flume (Figure 1) . A steady and recirculating current was generated through a centrifugal pump by drawing water from an underground reservoir to a high water tower and then pouring it down to the flume. In order to eliminate swirl, a group of PVC energy-dissipation pipes, each 2.5 cm in diameter and 0.5 m in length, was arranged immediately downstream of the inlet of the flume. A tail gate at the end of the flume controlled the water depth, H, and a nearly constant depth of H = 33 cm was employed in this study.
The canopy zone was located 10 m downstream of the PVC pipes (Figure 1 ). Fresh living vegetation was fixed in a staggered arrangement and spanned the channel width on a 2 m long by 0.8 m wide PVC baseboard. The baseboard extended 2 m upstream of the canopy's leading edge and was tapered to the flume bottom. Before the experiments, the vegetation was cut manually and a single vegetation height of h = 30 cm was considered.
Two types of submerged flexible canopy, V. natans and P. malaianus, were used in this study. For each Figure 1 . Lateral and top views of the experimental configuration. The group of PVC energy-dissipation pipes is for eliminating swirl. The tail gate at the end of the flume is for controlling water depth. Water levels in front and behind the vegetation patch are measured by the water level meters (WLG1 and WLG2). Velocity was measured using an acoustic Doppler velocimeter (ADV) at a location 1.43 m downstream of the leading edge of the canopy zone. x, y and z represent the streamwise, lateral and vertical directions, respectively. type of canopy, three flow rates (i.e. Q = 13 × 10 -3 , 22 × 10 -3 and 30 × 10 -3 m 3 /s, which we called low, moderate and fast flow, respectively) and three different stem densities (i.e. n = 183, 94 and 47 plants/m 2 , which we called sparse, moderate and dense canopy, respectively) were considered. Experiments with no vegetation (i.e. n = 0 plants/ m 2 ) were also conducted as a control for each rate of flow. The hydraulic radius Reynolds numbers (Re = Q/{ν(2H + W)}, ν and W represent the kinematic viscosity coefficient and flume width, respectively) in our 24 experimental scenarios vary between 8800 (transitional) and 20 500 (fully turbulent), and the key flow and canopy parameters of each run are shown in detail in Table 1 .
Flow measurements and analysis methods
Instantaneous velocities (u, v, w) corresponding to the streamwise (x), lateral (y) and vertical (z) directions, respectively, were measured by three-dimensional acoustic Doppler velocimetry (ADV) at a test section 1.43 m downstream of the leading edge of the canopy. Velocity profiles were collected at a sampling frequency of 25 Hz. Limited by the configuration of ADV probes, the instantaneous velocities for the uppermost 5 cm of the flow could not be collected, and approximately 25 two-minute velocity records were measured in each vertical profile. Three or four plants adjacent to either probe were removed to allow probe access, and Ikeda and Kanazawa (1996) showed that this removal had no significant effect on the flow.
Instantaneous velocities are decomposed into timeaveraged components (U, V, W) and fluctuating components (u′, v′, w′). The turbulence intensities in three directions (σ u , σ v and σ w ) are computed as the root mean square of the fluctuating velocities or the standard deviation of the instantaneous velocities. Turbulence kinetic energy (TKE) per unit mass, considering the turbulence intensities of three directions, is computed as follows:
The two-dimensional Reynolds stress (τ), playing an important role in sediment deposition, is a correlation coefficient between the turbulent velocities in the x-and z-directions. The Reynolds stress is computed as follows:
in which the overbar denotes time average. Frontal area per unit volume (a) is used to quantitatively characterize the plant morphology in this study. The frontal area is computed as follows (Kaimal and Finnigan 1994) :
in which n and d represent the stem density and the characteristic diameter or width of the plant, respectively.
Results
Plant morphology
Significant morphological discrepancies exist between V. natans and P. malaianus. As shown in Figure 2 , V. natans has basal blades, and the width of each blade is uniform from top to bottom (Figure 2 (b)); P. malaianus has long and flexible stems, its blades Table 1 . Flow and canopy parameters in 24 experimental scenarios.
Vallisneria natans Potamogeton malaianus
Scenarios Q × 10 are lanceolate or long elliptic, and most of them are distributed in the upper part of the plant ( Figure. 2(c)). Forty individual plants for each species were randomly sampled for measuring the morphology. Data show that each V. natans plant consists of 7.00 (± 1.26) blades and each blade has 0.68 (± 0.06) cm width. The diameter of P. malaianus stems is 0.19 (± 0.02) cm, and each P. malaianus consists of 8.73 (± 1.99) blades with a mean blade length of 11.2 cm and a maximum width of 1.6 cm.
Figure 2(a) presents the vertical distributions of frontal area of both the V. natans canopy and the P. malaianus canopy at a stem density of 100 plants/ m 2 . For both plants, their frontal area, a, is a function of the height above the bed, z, and a increases with elevated z. Morphological discrepancies existing between V. natans and P. malaianus lead to differences in the vertical distributions of their frontal areas. Compared with V. natans, P. malaianus has smaller frontal area below the height of 17 cm above the bed, especially for height below 10 cm; the frontal area of V. natans is at least an order of magnitude larger than that of P. malaianus. Above the height of 17 cm, the frontal area of P. malaianus is larger than that of V. natans. When the height is above 20 cm, P. malaianus has a frontal area more than double that of V. natans.
Flow structure without vegetation
Vertical distributions of the mean velocity, the Reynolds stress and the TKE without vegetation are depicted in Figure 3 . Without vegetation, the mean velocity presents a logarithmic profile. The Reynolds stress and TKE reach their maximums at the bottom of the flume and decrease gradually upward to a height of 10 cm from the bed. Above 10 cm, the Reynolds stress becomes negative and increases in value towards the water surface, and the TKE becomes uniform but slightly enhanced upward as well. Meanwhile, the mean and fluctuating velocities near the bottom of the flume increase with enhancement of the flow rate.
Mean velocity distribution of vegetated flow
For both V. natans and P. malaianus canopies, the velocity profiles are obviously distinguished from that of non-vegetated flow (i.e. open channel flow) and can be divided into two layers, the canopy layer and the upper layer, at the height of z/h v = 1 (Figure 4 ). The discontinuity of drag at the top of the canopy creates a region with strong velocity shear, and an inflection point occurs just above the canopy interface.
Compared with non-vegetated flow at the equivalent height, the mean velocity in the upper layer is enhanced and the acceleration of flow over the top of the V. natans canopy is stronger than for the P. malaianus canopy. Except for the slow flow condition (i.e. Q = 13 × 10 -3 m 3 /s) under which the deflected height of the P. malaianus canopy is very high and occupies almost the entire water volume, a logarithmic profile is generally presented in the upper layer. Variation of mean velocity within the canopy layer, however, is a function of the relative height. The largest velocity reduction occurs in the upper part of the canopy layer, leading to a mean velocity minimum located just below the top of the canopy. A slight reduction of the mean velocity is presented in the lower part of the canopy. A region featuring a counter velocity gradient (@U=@z < 0) and a local velocity maximum appear within the canopy layer and just above the flume bottom, respectively. Discrepancies in the mean velocity profile exist between the V. natans canopy and the P. malaianus canopy in the local velocity maximum (U lmax ), the velocity minimum (U min ) and the height where U min occurs (z 1 ). The mean velocity gradient, concerning the Reynolds stress distribution, which will be discussed in Section 4.2, is calculated using the central-difference method, and the weighted averages of gradient around the top of the canopy (denoted by k 1 ) and in the counter-gradient region (denoted by k 2 ) of 18 vegetated scenarios are listed in Table 2 , together with the parameters U lmax , U min and z 1 . As shown in Table 2 , the disparity of U min between V. natans and P. malaianus is not apparent except in the experimental runs of (K-A1, M-A1) and (K-C3, M-C3), and the latter canopy has a less than 15% bigger U min than the former one. Strong distinction of U lmax exists between these two types of canopy, and the P. malaianus canopy has a much larger U lmax than the V. natans canopy. Especially for fast flow scenarios (i.e. Q = 30 × 10 -3 m 3 /s), U lmax of the P. malaianus canopy is more than twice as large as that of the V. natans canopy. With the increase of flow discharge, U lmax inside the canopy gradually increases for both V. natans and P. malaianus. However, the variance of U lmax with the increase of stem density for these two types of canopy is different. The U lmax of the V. natans canopy gradually decreases with the increase of stem density, but for P. malaianus, U lmax inside the canopy increases to the contrary. Comparison of the slopes k 1 and k 2 between these two types of canopy shows that V. natans has a larger k 1 but a smaller k 2 than P. malaianus. The heights of z 1 , also representing the upper boundary of the counter-gradient region, of both canopies also present a difference in that the z 1 of the P. malaianus canopy is a little higher than that of the V. natans canopy.
Turbulence distribution of vegetated flow
The presence of a V. natans or P. malaianus canopy alters the turbulence structure of flow. The Reynolds stress and the TKE reach their maximums at the top of the canopy and decrease upward and downward gradually (Figures 5 and 6 ). Within the canopy layer, the Reynolds stress decays to zero at a certain height (which we called z 2 ) and a region with negative stress (τ < 0) occurs below the height of z 2 . Within the negative stress region, the Reynolds stress stays uniform for slow flow scenarios (i.e. Q = 13 × 10 -3 m 3 /s). Under moderate and fast flow conditions, the Reynolds stress increases (in value) and a local stress maximum occurs within the canopy (i.e. approximately at the height of z/ h v = 0.4). Compared with the top of the canopy, the TKE in the lower part of the canopy layer is strongly waked and stays uniform, except for experimental runs K-A2 and M-A2 with a region of relative larger TKE appearing near the bottom of the bed. In addition, with the augmented plant density, the TKE increases around the canopy interface. As shown in Figures 5 and 6 , discrepancies in the vertical distributions of the Reynolds stress and TKE also exist between V. natans and P. malaianus. In order to describe these discrepancies, the parameters stress maximum (τ max ), local stress maximum (τ lmax ), TKE maximum (TKE max ) and height of z 2 are selected and listed in Table 3 . When both of these types of vegetation are at the same flow rate and stem density, the τ max and TKE max at the top of the V. natans canopy are larger than those of the P. malaianus canopy. Beneath the canopy layer, P. malaianus has a higher z 2 and larger τ lmax (in value) than V. natans, which indicates that a stronger stress layer exists in the lower part of the former canopy. Besides, the variation of τ lmax (in value) with the change of stem density shows that the values of τ lmax within the V. natans canopy and the P. malaianus canopy gradually decrease and increase, respectively, with the augmentation of stem density.
Discussion
The counter-gradient region in velocity profiles
The region with a counter velocity gradient and local velocity maximum within the canopy layer has been observed in other studies with emergent and submerged aquatic canopies (Leonard and Luther 1995 , Vivoni-Gallart 1998 , Nepf and Vivoni 2000 , Leonard and Croft 2006 , and the reason for this can be attributed to the vertical variation of the frontal area. Nepf and Vivoni (2000) indicates that the mean velocity in the lower part of the canopy varies inversely with the frontal area. For canopies with distinct basal stem regions (such as marsh grass Spartina alterniflora), the mean velocity increases below the level where branching begins and a counter-gradient region occurs.
The reason why a counter-gradient region occurs beneath both V. natans and P. malaianus canopies Figure 6 . Vertical distribution of the TKE for 18 vegetated scenarios, with the upper and lower three scatterplots presenting the TKE profiles of flow through the V. natans canopy and the P. malaianus canopy, respectively. can be interpreted as the adjustment of the mean flow field within the canopy caused by the vertical variation of their frontal areas. The main features of flow adjustment are shown in Figure 7 (a). When a uniform flow, characterized by a logarithmic profile, approaches the submerged canopy from upstream, the flow is definitely deflected over the top of the canopy because of the blockage due to the canopy. Meanwhile, for both the V. natans and the P. malaianus canopies, the decrease of frontal area in the lower part of the canopy layer makes flow traverse in this region, forming a fast flow zone relative to the upper part of the canopy layer. The deflection of flow through the lower part of the canopy produces a local velocity maximum near the bed and a countergradient region within the canopy.
Morphology discrepancies existing between V. natans and P. malaianus lead to differences in mean velocity profile. Two sublayers, the blade sublayer and stem sublayer, divide inside the canopy layer (Figure 7 (b) and (c)). The stem sublayer for V. natans refers to the sheath region of the canopy below the height of 5 cm above the bed, where the blades are concentrated together. Above the height of 5 cm is the blade sublayer, which consists of spreading blades. The boundary of these two sublayers for the P. malaianus canopy lies at 15 cm above the bed, and the stem sublayer and blade sublayer are located below and above this height, respectively. The blade sublayer occupies 86% and 93% of the total fontal area for V. natans and P. malaianus, respectively. The stem sublayer occupies only 14% and 7% of the total frontal area for V. natans and P. malaianus, respectively. A wider stem sublayer with a much smaller frontal area provides a larger discharge area for the P. malaianus canopy beneath the canopy layer, resulting in a larger local velocity maximum (U lmax ) near the bed and a bigger velocity gradient k 2 than for the V. natans canopy. As more flow is deflected through the stem sublayer, the acceleration over the top of the P. malaianus canopy decreases, resulting in a smaller velocity gradient k 1 . As the sheath region of V. natans provides a much larger frontal area than the thin stems of P. malaianus (Figure 2(a) ), the augmentation of stem density evidently increases the frontal area in the stem sublayer of the V. natans canopy. This makes the mean velocity in this layer gradually decrease (i.e. smaller U lmax and k 2 ) with the increase of stem density. However, the augmentation of stem density only increases the frontal area in the blade sublayer of the P. malaianus canopy. Its enhancement effect on the frontal area in the stem sublayer is not evident. When the current flows through the denser P. malaianus canopy, more flow is deflected through the stem sublayer because of the larger frontal area of the blade sublayer, resulting in higher mean velocity in the lower part of the canopy (i.e. larger U lmax and k 2 ).
For both V. natans and P. malaianus, the mean velocity within the canopy is reduced, especially in the upper part of the canopy layer. This has important implications for sediment response. The reduction of mean velocity benefits sediment deposition within the canopy (Bouma et al. 2007 , Rominger et al. 2010 , Van Katwijk et al. 2010 . The accumulation of sediment can lower flow turbidity, which may be a primary reason for the clear water in regions abundant with aquatic vegetation. As a smaller discrepancy exists in the vertical distribution of frontal area, the deceleration of the mean velocity beneath the V. natans canopy is stronger than for the P. malaianus canopy. This implies that, compared with the P. malaianus canopy, the V. natans canopy is more beneficial for reducing erosion of fine sediment with higher organic and nutrient content in river and wetland management.
Negative-stress region in the Reynolds stress profiles
The appearance of a negative-stress region in the Reynolds stress profile is attributed to the counter velocity gradient, and can be explained from the view of a turbulence particle. In the region of counter velocity gradient, when a turbulence particle, with its streamwise instantaneous velocity equal to timeaveraged velocity at height a, moves downward from the position z = a to b, its vertical fluctuating velocity w′ < 0. As the time-averaged velocity at the position z = a is smaller than that at z = b (i.e. U a < U b ), negative streamwise fluctuating velocity is produced at the height b (i.e. u′ = U a − U b < 0). If the turbulence particle moves upward from z = b to a, the vertical and streamwise fluctuating velocity at the height a are both positive (i.e. w′ > 0, u′ = U b − U a > 0). According to Equation (2), negative Reynolds stress appears in the region with counter velocity gradient, which is confirmed by the great consistency between the locations where mean velocity minimum and zero Reynolds stress appear (i.e. at heights of z 1 and z 2 , respectively) in Figure 8 . Moreover, the value of Reynolds stress is in proportion to the mean velocity gradient, and the stress maximum occurs at the top of the canopy, the location where the mean velocity gradient reaches its maximum.
A larger velocity gradient k 1 around the top of the V. natans canopy produces a greater Reynolds stress maximum (τ max ) at its canopy top than for P. malaianus. As the velocity gradient k 2 within the V. natans canopy is smaller than that for P. malaianus, the local stress maximum (τ lmax ) of the former canopy is smaller than that of the latter. The TKE within the canopy results mainly from (i) shear turbulence generated by the local velocity gradient, (ii) wake turbulence generated locally by the flow around the canopy element and (iii) turbulence transported vertically and horizontally for steady, homogeneous flow (Ghisalberti and Nepf 2004) . At the top of the canopy, the TKE is dominated by the greatest production of shear turbulence. Thus, greater Reynolds stress at the top of the V. natans canopy produces larger TKE max than for the P. malaianus canopy. In the lower part of the canopy, the Reynolds stress strongly decreases and the TKE is dominated by the wake turbulence generated behind the canopy element with a much smaller scale than the canopy interface.
The TKE near the bed has vital importance in controlling sediment deposition, and enhanced deposition only occurs in regions where both mean velocity and TKE are reduced relative to open channel flow (Ortiz et al. 2013) . Compared with nonvegetated flow, less than 10% difference in TKE near the bed exists for most experimental scenarios. This indicates that the canopy of either V. natans or P. malaianus has a small effect on turbulent intensity near the bed in this study. Thus, the influence of these two types of vegetation on sediment movement near the bed depends on the variation of mean velocity near the bed. According to the Section 4.1, the decrease of mean velocity near the bed for both plants may promote sediment accumulation, and, compared with the P. malaianus canopy, the V. natans canopy is more beneficial for deposition of fine particles, leading to more favourable conditions for plant growth. Laboratory experiments with two types of submerged flexible vegetation, V. natans and P. malaianus, were conducted to investigate the influence of plant morphology on flow structure. For both types of vegetation, their existence alters the vertical distribution of mean velocity, Reynolds stress and turbulence kinetic energy. As the frontal area decreases in the lower part of the canopy, the adjustment of flow within the canopy makes a region of counter velocity gradient and a local velocity maximum occur within the canopy layer. The Reynolds stress, proportional to the mean velocity gradient, reaches its maximum at the canopy interface and becomes negative in the region where the counter velocity gradient occurs within the canopy. Dominated by the shear turbulence generated from the local velocity gradient, TKE peaks at the top of the canopy and decays downward into the canopy gradually. Differences of plant morphology exist between V. natans and P. malaianus and their impact on flow structure is also found in this study. In the lower part of the canopy layer, the frontal area of P. malaianus is much smaller than that of V. natans, more flow is deflected to traverse beneath the former canopy, a larger velocity gradient (and thus larger local stress maximum) and higher local velocity maximum are produced within the former canopy than the latter. As more flow is deflected beneath the canopy, the acceleration over the top of the P. malaianus canopy decreases. The mean velocity gradient around its canopy top and thus the Reynolds stress and TKE at the canopy interface are smaller than those of the V. natans canopy. These types of vegetation are both beneficial for promoting sediment deposition of fine particles; compared with P. malaianus, suspended sediment is more easily deposited within the V. natans canopy.
